Cardiac resynchronization therapy (CRT) is an established therapy for selected heart failure (HF) patients to improve symptoms, ventricular function, and survival. Although increasingly used, left ventricular (LV) dyssynchrony assessment by echocardiography has failed to show enough predictive value to assess patient response to CRT and the current guidelines do not recommend its routine use. Furthermore, a variety of echocardiographic techniques used for the purpose, including tissue Doppler imaging (TDI), real time three-dimensional echocardiography, M-mode, and various Doppler parameters, showed limited value and poor agreement between the studies and methods, greatly influenced by interobserver variability. Speckle tracking echocardiography (STE) is a more recent approach that uses strain imaging to assess LV dyssynchrony. This article discusses the speckle tracking for LV dyssynchrony and its current clinical applications.
Introduction
Cardiac resynchronization therapy (CRT) is an established therapy for selected heart failure (HF) patients to improve symptoms, ventricular function, and survival. Although increasingly used, left ventricular (LV) dyssynchrony assessment by echocardiography has failed to show enough predictive value to assess patient response to CRT and the current guidelines do not recommend its routine use [1] . Furthermore, a variety of echocardiographic techniques used for the purpose, including tissue Doppler imaging (TDI), real time three-dimensional echocardiography, M-mode, and various Doppler parameters, showed limited value and poor agreement be-tween the studies and methods, greatly influenced by interobserver and intraobserver variability which has been reported up to 30% [1] - [3] . Speckle tracking echocardiography (STE) is a more recent approach that uses strain imaging to assess LV dyssynchrony. This article discusses the speckle tracking for LV dyssynchrony and its current clinical applications.
Speckle Tracking, Strain and Strain Rate
STE works by marking characteristic speckle patterns created by interference of ultrasound beams in the myocardium and then track their individual motion [4] . The technology is able to quantify myocardial motion in different planes, e.g. circumferential and radial, and has been validated non-invasively by magnetic resonance imaging (MRI) tagging and invasively by sonomicrometry in animal models to provide accurate measurements of LV dimensions and strain [5] - [7] . The tracking is based on grey scale B-mode images. This method does not make use of Doppler information, so there is no angle dependency. For accurate speckle tracking, a high frame rate is important as it decrease the speckle change between frames, allowing better tracking.
Strain is a measurement of myocardial deformation. It is defined as dimensionless quantity that represents a percentage change in dimension from resting state to one achieved following application of a force (stress) [8] . It is calculated by tracking the speckles during cardiac cycle for a ratio of the difference in displacement between the two points as compared to their initial distance. Radial, transversal, longitudinal, and circumferential strains can be measured depending on the plane of speckles' motion. Strain rate is simply a rate of this deformation. A positive strain value denotes lengthening whereas a negative value suggests shortening of myocardium.
The advantages of strain or strain rate are that they avoid some of the limitations of wall motion analysis, such as tethering, off-axis false positives and negatives and the difficulties in analysing subtle wall motion. It adds an objective perspective. There are studies showing strain as more sensitive than wall motion for detecting myocardial ischemia [9] [10].
Strain for Cardiac Resynchronization Therapy
It is estimated that 30% of patients do not appear to benefit using standard clinical selection criteria [11] [12] . In this context, LV dyssynchrony to predict response to CRT has gained particular interest. Myocardial strain values using both TDI and speckle tracking have been used to assess dyssynchrony. Various studies have assessed TDI derived strain and have established its advantages over other established indexes [1] [13]- [15] . It however is severely limited by the Doppler angle of incidence, a common issue in the enlarged spherical left ventricles in the CRT patients. Consequently, echocardiographic dyssynchrony is currently not considered reliable enough to replace current selection criteria for CRT.
Speckle Tracking for LV Dyssynchrony and Response to CRT
Four different speckle tracking dyssynchrony approaches have been suggested, including radial and circumferential strain assessed from short-axis views, longitudinal and transverse strain assessed from apical four, three, and two chamber views. Radial and transverse strains have positive curves, reflecting myocardial thickening whereas longitudinal and circumferential strains have negative curves, reflecting myocardial shortening.
Dyssynchrony is typically characterized in LBBB by early septal radial thickening, followed by delayed posterior and lateral wall thickening. The first clinical study to demonstrate that the novel speckle tracking can quantify radial LV dyssynchrony, showed an increase in sensitivity of detecting favourable long term response to CRT [16] . In this study, speckle tracking applied to routine midventricular short-axis images calculated radial strain from multiple circumferential points averaged to 6 standard segments. Baseline speckle-tracking radial dyssynchrony (time difference in peak septal wall-to-posterior wall strain > or =130 ms) predicted an immediate increase in stroke volume the day after CRT with 91% sensitivity and 75% specificity. Long-term follow-up (8 +/− 5 months) further showed a significant increase in ejection fraction with 89% sensitivity and 83% specificity. Patients in whom left ventricular lead position was concordant with the site of latest mechanical activation by speckle-tracking radial strain had an increase in ejection fraction from baseline to a greater degree than patients with discordant lead position. In another study Lim et al. [17] suggested that strain delay index with longitudinal speckle tracking strain from standard apical views had a strong predictive value for predicting response to CRT in both ischemic and non-ischaemic patients. They demonstrated that the strain delay index ≥ 25% strongly predicted response to CRT with a 95% sensitivity and an 83% specificity and correlated with reverse remodelling in both the ischemic (r = 0.68) and non-ischaemic (r = 0.68) patients (p < 0.0001 for both).
Furthermore, STE has the potential to analyse alterations in rotational mechanics caused by dyssynchrony. Sade et al. [18] investigated 54 HF patients and 33 healthy controls to assess the effect of CRT by looking at discoordinate rotation of the apical and basal regions on STE. LV twist was defined as a net difference of LV rotation at isochronal time points between the apical and basal short-axis planes and LV torsion as LV twist divided by LV diastolic longitudinal length. Peak apical and basal rotation, peak LV twist and torsion, apical and basal rotation at aortic valve closure (AVC), and LV twist and torsion at AVC were significantly lower in patients than controls. Apical-basal rotation delay and AVC-to-peak LV twist interval were longer in patients and associated with decreased peak LV twist and LV twist at AVC, respectively. Rotational indexes, particularly LV twist and torsion, were correlated strongly with radial dyssynchrony. LV torsion (cut-off 0.1˚/cm) and twist (cut-off 1˚) at AVC had the highest sensitivity (90%) and specificity (77%) to predict CRT responders. The STAR (Speckle Tracking and Resynchronization) study was the first prospective multicentre study to associate speckle tracking strain dyssynchrony with EF response and long-term survival after CRT in 132 patients using radial strain from short-axis views and transverse strain from apical views [19] . Longitudinal and circumferential strain appeared less sensitive. A lack of dyssynchrony before CRT by radial or transverse strain (or both) was significantly associated with death, heart transplantation, or LV assist device implantation. This study also reported the inter-and intra-observer variabilities which were 17 +/− 14 and 10 +/− 6% for radial dyssynchrony, 18 +/− 8 and 11 +/− 7% for circumferential dyssynchrony, 17 +/− 16 and 11 +/− 6% for transverse dyssynchrony, and 19 +/− 9 and 13 +/− 7% for longitudinal dyssynchrony, respectively.More recently, Delgado et al. [20] showed an association of a lack of dyssynchrony by speckle tracking radial strain with death or heart failure hospitalization in a series of 397 CRT patients with ischemic heart disease. Radial dyssynchrony by speckle tracking strain has been suggested to have the potential to assist with patient selection for CRT with borderline QRS duration [21] .
Finally, a recent study derived parameter from the net radial strain delay (RSD) for the 12 basal and mid-left ventricular segments (calculated radial strain delay RSD [RSDc]), based on timing as well as amplitude of segmental strain to enhance the selection CRT [22] . RSDc was calculated as the sum of difference between peak radial strain and radial strain at aortic valve closure before CRT implantation in 240 patients. CRT response was defined as >15% reduction in left ventricular end-systolic volume at 6 months. In a derivation group (n = 102), RSDc was higher in responders compared with non-responders and related to the change in left ventricular endsystolic volume. RSDc > 40% predicted remodelling (sensitivity, 87%; specificity, 88%). In the validation group (n = 108), RSDc similarly predicted response (sensitivity, 89%; specificity, 84%). Survival at long-term followup was greater in patients with RSDc > 40%. This study demonstrated the value of RSDc, based on both the timing and the amplitude of segmental strain, as a strong predictor for CRT remodelling response and long-term survival.
Further Clinical Applications of STE in LV Dyssynchrony

Right Ventricular Pacing
Utility of magnetic resonance tagging to assess radial strain and dyssynchrony is limited in the presence of pacemaker. A higher risk of developing HF has been noted in people with permanent right ventricular (RV) pacing. Tops et al. [23] used STE radial strain to determine dyssynchrony in 58 patients with RV pacing. At baseline, similar time-to-peak strain for the 6 segments analysed was observed (mean 371 +/− 114 ms). In contrast, after a mean of 3.8 +/− 2.0 years of RV pacing, there was a marked heterogeneity in time-to-peak strain of the 6 segments. In 33 patients (57%), LV dyssynchrony, represented by a time difference > or =130 ms between the time-to-peak strain of the (antero) septal and the posterolateral segments, was present. In these patients, a deterioration of LV systolic function and NYHA functional class was observed. In 11 patients, an "upgrade" of the conventional pacemaker to a biventricular pacemaker resulted in partial reversal of the detrimental effects of RV pacing. This interesting study using STE clearly demonstrated that permanent RV pacing induced heterogeneity in time-to-peak strain, resulting in LV dyssynchrony in 57% of patients, associated with deterioration of LV systolic function and NYHA functional class and suggested that biventricular pacing may reverse these adverse effects of RV pacing. The study however could not explain why some patients developed significant dyssynchrony while others did not, since all patients had the RV lead positioned at the apex. Exclusion of circumferential and longitudinal strain in this study may have influenced results as well as the use of a six-seg-ment algorithm only with possible cause of information loss.
Chronic Heart Failure
Lim et al. [17] have demonstrated a strong predictive value of longitudinal speckle tracking strain for predicting response to CRT in both ischemic and non-ischaemic patients, as mentioned previously. Donal et al. [24] assessed longitudinal and radial dyssynchrony in ischemic and non-ischaemic chronic systolic heart failure in 95 consecutive patients and suggested that the profile of dyssynchrony is influenced by the underlying cause of HF, and that assessment of radial, instead of longitudinal, deformation might be relevant for CRT selection of patients with ischaemic aetiology. The two different aetiologies resulted in different electromechanical correlates. Electrical and mechanical dyssynchrony correlated homogeneously in patients with non-ischaemic heart failure considering radial and longitudinal strain. In ischaemic heart failure radial dyssynchrony was the best mechanical index that correlated with QRS duration.
Left Ventricular Hypertrophy
Nagakura et al. [25] have evaluated dyssynchrony in patients with left ventricular hypertrophy (LVH) comparing abnormalities associated with hypertrophic cardiomyopathy (HCM) and hypertensive heart disease using STE. Three LV short-axis planes were acquired at the basal, middle, and apical levels with high frame rates to obtain radial and circumferential strain. The degree of dyssynchrony noted in patients with hypertensive LVH was within the same range as observed for age-matched controls, while the prevalence and degree of dyssynchrony were significantly higher in patients with HCM, than in those with hypertensive LVH and age-matched controls.
Chronic Right Ventricular Pressure and Volume Overload
Investigation of radial LV-dynamics and dyssynchrony in patients with chronic RV pressure overload revealed a large degree of wall motion dyssynchrony with paradoxical ventricular septal motion, as compared to coordinated radial segmental displacement curves throughout the cardiac cycle in normal subjects [26] . Importantly, radial strain imaging showed uniform radial segmental strain curves, indicating coordinated intrinsic segmental contraction, and relaxation in these patients as well as normal subjects. Impairment of radial synchronicity of segmental wall motion was strongly correlated with LV eccentricity index and myocardial performance index. Similarly, RV volume overload may also be combined with dyssynchrony.
Myocardial Infarction
Severe LV remodelling after myocardial infarction (MI) has been reported impacting significantly on LV synchronicity depending on the infarct size [27] [28] . Mollema et al. [29] investigated dyssynchrony acutely after MI by using radial STE to predict left ventricular remodelling. At 6-month follow-up, end systolic and end diastolic volumes were significantly larger as well as the EF was significantly lower in the patients with LV remodelling which was defined as group A as compared to group B (no LV remodelling at 6 months). The baseline wall motion score index, ratio of mitral E-velocity and early diastolic mitral annulus velocity (E/E′), and dyssynchrony were significantly different between the two groups. Baseline dyssynchrony of >130 ms or more had a sensitivity of 82% and a specificity of 95% to predict LV remodelling at 6-month after acute infarction.
Exercise-Induced Torsional Dyssynchrony
LV systole and diastole are representation of a myocardial rotation (twisting in systole and untwisting in diastole) and longitudinal motion. Heart failure with preserved ejection fraction (HFPEF) is known to involve exerciseinduced wall motion abnormalities and torsion defects [30] [31] . A recent study investigated exercise induced torsional dyssynchrony in 67 patients with HFPEF and 38 controls [32] . Torsional dyssynchrony was quantified as the standard deviation (SD) of the time to peak systolic motion (SDSM) (basal and apical rotation, longitudinal and radial displacement); the time difference between peak twist and peak longitudinal displacement (twistlongitudinal motion delay, TLMD) and the ratio of untwist to longitudinal extension (UT:LE). At rest, HFPEF patients had similar SDSM, TLMD and UT:LE compared with controls. Exercise was associated with significantlymore dyssynchrony in the HFPEF patients. The SDSM correlated positively with LV wall thickness, and negatively with peak oxygen consumption and changes in stroke volume on exercise, suggesting that HFPEF involves exercise-induced torsional dyssynchrony, which relates to LV hypertrophy as well as exercise capacity.
Three-Dimensional STE
A newer speckle tracking approach to quantify LV dyssynchrony is 3D speckle tracking echocardiography, which can provide a more comprehensive evaluation of LV mechanics using a 3D model of the entire ventricle for motion analysis [33] - [35] . Tanaka et al. have used a 3-D speckle tracking system to determine radial strain using a 16-segment model from a pyramidal 3-D dataset [36] . 3D cine loops of regional strain were colour coded and divided into 16 segments for time-strain curves, polar maps, and 3D displays. LV dyssynchrony significantly correlated with similar 2-dimensional (2D) strain measures, with 3D having the advantage of more precise mechanical activation mapping to assist with LV lead positioning. 3D speckle tracking strain was also useful for showing differences in the sites of earliest activation in right ventricle-paced patients compared with those with LBBB, but similar sites of latest activation and similar response to CRT [37] .
In another recent study real-time 3D speckle tracking echocardiography (3DSTE) was used as a novel method to assess dyssynchrony [38] . 3D radial, longitudinal, as well as novel 3D area strain (AS) were performed on 60 unselected patients who were referred to optimise and to control of a CRT device. AS was based on interface (endocardium or epicardium) tracking, reflecting the deformation of a box during contraction and relaxation. Given the area definition of product of length and width, AS can be considered a combination of the total vector resultant based on radial, circumferential, and longitudinal vectors. In the comparison of utility of the mentioned various 3D strain measurements, the authors suggested that 3D AS appeared to be close to the ideal parameter and allowed a rapid and global assessment of LV dyssynchrony. Further studies using this "multi-directional parameter" of function and dyssynchrony are needed.
Conclusion
Speckle tracking is a powerful technology for an objective assessment of dyssynchrony. Multiple studies have demonstrated the potential of this novel technology to aid in patient selection for CRT, post CRT follow-up, and various other myocardial pathologies. Limitations include requirement of high quality 2D images since poor speckle tracking can lead to false-positive results. A possible loss of speckles due to moving out of the 2D imaging plane may influence the measurements. Novel 3D speckle tracking may overcome this problem. 3D speckle tracking adds new dimensions and is at the forefront of a new area of clinical research.
